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Abstract

Mitochondria have emerged as important signaling organelles
where intracellular perturbations are integrated and, consequently,
intracellular signaling pathways are modulated to execute
appropriate cellular functions. MAVS (mitochondrial antiviral
signaling protein) represents such an example that functions as a
platform molecule to mediate mitochondrial innate immune
signaling. Recently, multimeric aggregation of MAVS has been
identified as a key molecular process for its signaling. The
underlying mechanisms to regulate this, however, are still
incompletely understood. We hypothesized that PINK1 (PTEN-
induced kinase 1) plays an important role in the regulation of
multimeric MAVS aggregation and its consequent pathobiology. To
test whether PINK1 interacts with MAVS, bimolecular fluorescence
complementation analysis and IP were performed. RLH (RIG-
I-like helicase) and NLRP3 inflammasome signaling were evaluated
by in vitro assay. In vivo functional significance of PINK1 in the
regulation of MAVS signaling was evaluated from both murine
modeling of influenza viral infection and bleomycin-induced
experimental pulmonary fibrosis, wherein MAVS plays important
roles. Multimeric MAVS aggregation was induced by mitochondria
dysfunction, and, during this event, the stabilized PINK1 interacted
physically with MAVS and antagonized multimeric MAVS
aggregation. Accordingly, the MAVS-mediated antiviral innate
immune and NLRP3 inflammasome signaling were enhanced

in PINKI1 deficiency. In addition, in vivo studies revealed that

MAVS-mediated pulmonary antiviral innate immune responses
and fibrotic responses after bleomycin injury were enhanced in
PINKI1 deficiency. In conclusion, these results establish a new role of
PINKI1 in the regulation of MAVS signaling and the consequent
pulmonary pathobiology.
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Clinical Relevance

Mitochondrial dysfunction has recently emerged as a major
player in a myriad of human health and diseases in which
MAVS (mitochondrial antiviral signaling protein) signaling
mediates critical innate immune and tissue damage responses.
By demonstrating that PINK1 (PTEN-induced kinase 1), an
important player of mitochondrial health, interacts with
MAVS and functions to inhibit MAVS signaling and the
consequent pulmonary pathobiology, including antiviral
response and experimental pulmonary fibrosis, the current
study provides a conceptual proof that augmenting PINK1
activity may be a novel therapeutic approach for pulmonary
disorders in which PINK1-MAVS interaction plays a
pathogenic role.
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Figure 1. MAVS (mitochondrial antiviral signaling protein) aggregation by mitochondrial drugs. (A) Human embryonic kidney 293 (HEK293) cells were

stimulated with 5 uM of nigericin, 5 pM of oligomycin A, 50 pM of carbonyl cyanide m-chlorophenyl hydrazone (CCCP), 1 wM of rotenone, or 10 uM of
valinomycin for 1 hour. MTs were separated and loaded to blue native PAGE (BN-PAGE). The MAVS aggregation was analyzed by Western blot. Voltage-
dependent anion channel (VDAC) was used as the loading control for mitochondrial analysis. (B) HEK293 cells were stimulated with 5 uM of nigericin or
50 pM of CCCP for 1 hour. Mitochondrial fractions were separated and loaded to BN-PAGE. For two-dimensional analysis, each lane was excised and
loaded on second-dimension SDS gel. The MAVS aggregation was analyzed by Western blot. VDAC was used as the loading control. Readers may view
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Mitochondria have emerged as important
signaling organelles (1, 2). Mitochondrial
and intracellular physiology are intricately
connected, and, responding to intracellular
perturbations, mitochondrial functions are
influenced accordingly. The alteration of
mitochondrial functions, in turn, modulates
various intracellular signals to execute
appropriate cellular functions (2, 3). MAVS
(mitochondrial antiviral signaling protein)
represents such an example and functions
as a platform molecule to mediate
mitochondrial antiviral or inflammasome
signaling (4, 5). Upon the recognition of
cytoplasmic nucleic acids, pathogen-
associated molecular patterns, or danger-
associated molecular patterns (DAMPs) by
their cognate receptors, RLH (RIG-I-like
helicase) signaling or nucleotide-binding
domain, leucine-rich repeat containing, or
NLRP3 (NOD-like receptor family pyrin
domain containing 3) inflammasome
signaling is activated, during which MAVS
plays as an essential adaptor molecule
to mediate these innate immune and
inflammatory responses (5, 6).
Interestingly, when MAVS is activated,
it aggregates together to form multimeric
structures on mitochondria, and the MAVS
aggregation has recently been identified as a
key event for its proper functioning (5-7).
Although the formation of multimeric
structures is believed to be beneficial to
propagate a robust host defense response,
mechanisms should exist to inhibit
persistent activation of MAVS-mediated
signaling and keep it in homeostatic
physiologic state. Otherwise, unregulated
MAVS signaling would result in chronic
persistent inflammatory or autoimmune
disease states (7). Our understanding
of the inhibitory mechanism of MAVS
aggregation, however, remains inadequate.
PINK1 (PTEN-induced kinase 1) is a
mitochondrially targeted serine/threonine
kinase whose loss of function causes striking
changes in mitochondrial structure and
function (8, 9). It was identified as a gene
whose mutation mediates an early-onset
autosomal recessive form of parkinsonism
in humans (10). Now, multiple lines of
evidence suggest that PINKI plays a key

role in mitochondrial quality control, an
integrated coordination of mechanisms
operating to protect mitochondria against
stress, monitor mitochondrial damage, and
ensure the selective removal of dysfunctional
mitochondrial proteins or organelles (9,
11-13). The functional role of PINK1 on the
regulation of MAVS homeostasis, however,
has not been reported yet.

Here, we demonstrate that PINK1 plays
as a critical negative regulator of MAVS-
mediated signaling by inhibiting MAVS
aggregation. Responding to mitochondrial
dysfunction, MAVS is massively aggregated
on mitochondria, and, interestingly, the
MAVS aggregation and the consequent
MAVS distal signaling responses are
significantly enhanced in the absence
of PINKI. Our mechanistic study
demonstrates that PINK1 interacts directly
with MAVS and inhibits its aggregation.
Furthermore, the in vivo functional
significance of PINKI that negatively
regulates MAVS signaling is verified from
both murine modeling of influenza viral
infection and bleomycin-induced
experimental pulmonary fibrosis. Taken
together, the current study reveals a
previously unidentified role of PINKI that
negatively regulates the function of MAVS,
a crucial mitochondrial innate immune
signaling adaptor molecule.

Methods

Mice

Wild-type (WT) and PINKI-null mutant
(*'7) (from Dr. J. H. Shin, Harvard
University), and MAVS™'~ (from Dr. Z. J.
Chen, University of Texas) mice were all
kept on a C57BL/6] background and bred
at Yale University. By breeding PINK '/~
mice with MAVS™"" mice, PINK1/MAVS
double-null mutant (PINK1~/~/MAVS™'")
mice were obtained. All animal experiments
were approved by the Yale Animal Care and
Use Committee.

Influenza Viral Infection
WT, PINK1 /", or PINK1 /" /MAVS "/~
mice were lightly anesthetized, and

A/PR8/34 influenza (equivalent to 0.05
median lethal dose in C57BL/6] mice) virus
was administered via nasal aspiration, as
previously described by our laboratory (14).
The mice were then killed at Day 5, a peak
time point of type I IFN responses. Lung
tissues were harvested to measure the
expression of MAVS-mediated signaling.

Bleomycin-induced Pulmonary
Fibrosis

WT, PINK1~'", or PINK1~'~/MAVS ™'~
mice were treated with 0.4 U/kg bleomycin
(NDC 61703-0332-18; Pfizer) with PBS by
intratracheal administration, as previously
described by our laboratory (15).

Cells

Human embryonic kidney 293 (HEK293)
cells were cultured in Eagle’s minimum
essential medium containing 10% FBS.
WT and PINK1 /™ mouse embryonic
fibroblasts (MEFs) were cultured in
Dulbecco’s modified Eagle medium
(DMEM), supplemented with 10% FBS,
5 mg/ml penicillin, and 10 mg/ml
streptomycin. Bone marrow-derived
macrophages (BMDMs) were prepared
following the method previously
described (16).

Isolation of the Mitochondria
Mitochondria were isolated using
Qproteome Mitochondria Isolation kit
(QIAGEN) according to the manufacturer’s
instructions.

Evaluation of the MAVS Aggregation
MEEF cells were harvested for the isolation of
mitochondria. Then, MAVS aggregation
was evaluated by blue native PAGE
(BN-PAGE), as described previously

(17). Briefly, 20 pg of isolated crude
mitochondrial proteins was lysed in 1%
digitonin/1X NativePAGE sample loading
buffer (Thermo Fisher Scientific) for 30
minutes on ice and then loaded to 3-12%
BN-PAGE (Thermo Fisher Scientific)
under nonreducing condition. Samples
were then transferred to a polyvinylidene
fluoride or polyvinylidene difluoride
membrane for Western blot analysis. For

Figure 1. (Continued). the uncut gels for A and B in the data supplement. (C-E) Mouse embryonic fibroblasts from wild-type mice were coimmunostained
with MitoTracker Orange CMTMRos (red, C) and MAVS (green, C) or with PMP70 (blue, D) and MAVS (green, D). The images for localization of MAVS and
its aggregates were acquired by confocal microscopy. (E) Colocalization of MAVS to mitochondria or peroxisome was analyzed using ZEN2010 software.
Scale bars, 20 um. All experiments are repeated at least three times. Representative results are shown. Means *= SD. *P < 0.05, **P < 0.01, and

***P < 0.001. MT = mitochondrial fraction; PINK1 = PTEN-induced kinase 1; SDS-PAGE = sodium dodecyl sulfate-PAGE; SM = size marker; WCL =whole

cell lysate.
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the two-dimensional gel analysis, each lane
of BN-PAGE was excised and loaded to
two-dimensional gel (Thermo Fisher
Scientific) according to the manufacturer’s
instructions. For semidenaturing detergent
agarose gel electrophoresis, pooled BAL
cells were lysed in radioimmunoprecipitation
assay buffer, and mitochondria were
resuspended in 1X sample buffer (50 mM
Tris/HCL, 5% glycerol, 2% SDS, and 0.0025%
bromophenol blue) and loaded onto a vertical
1.5% agarose gel.

Statistical Analysis
All statistical analysis was performed with
GraphPad Prism (version 6). Comparisons
between two groups were performed with
Student’s ¢t test (unpaired). Values are
expressed as mean *+ SD. Statistical
significance was defined at a level of P < 0.05.
Additional experimental methods are
described in online supplement; these
methods include I) evaluation of the
alteration of mitochondrial membrane
potential, pH, and reactive oxygen
species (ROS), 2) complex V activity,
3) plasmid construction and biomolecular
fluorescence complementation assay,
4) IP and immunoblot analysis, 5)
immunofluorescence staining and confocal
microscopy, 6) activation of NLRP3
inflammasomes, 7) activation of type I
IFN response, 8) collagen assay, and 9)
TGEF- B1 (transforming growth factor-f31)
measurement.

Results

Mitochondrial Dysfunction Induces
MAVS Aggregation

MAVS has recently been identified to
aggregate together to form prion-like
multimeric structures on mitochondria
during its activation (5, 6). We questioned
whether MAVS aggregation is incited by
various mitochondrial dysfunctions. To
address this, HEK293 cells were treated
with diverse mitochondrial stimuli, and
MAVS aggregation was evaluated by BN-
PAGE, which has been extensively used for
the detection of mitochondrial high-order
structures (6, 17). Specifically, nigericin (a
potassium ionophore promoting K*/H™"
exchange), carbonyl cyanide m-chlorophenyl
hydrazone (CCCP) (an uncoupler of
mitochondrial oxidative phosphorylation),
oligomycin A (an inhibitor of
mitochondrial H"-ATP synthase),

rotenone (an inhibitor of mitochondrial
oxidative phosphorylation complex I and an
inducer of mitochondrial ROS production),
and valinomycin (a K*-specific ionophore)
were used for this purpose. Intriguingly,
among these agents, only nigericin, CCCP,
and valinomycin induced significant
aggregation of MAVS on mitochondria
(Figure 1A). In contrast, the inhibition

of ATP synthesis (by oligomycin A
treatment), impairment of mitochondrial
respiration (by rotenone treatment), or
enhanced ROS production (by rotenone
treatment) had only a negligible effect on the
MAVS aggregation (Figure 1A). Further
experiments revealed that the nature of
mitochondrial dysfunction that induces
MAVS aggregation might be attributed to
the decrease of mitochondrial membrane
potential or the proton gradient; as known,
the mitochondrial membrane potential

and the proton gradient contribute
independently to the mitochondrial proton-
motive force, a key aspect of mitochondrial
function (Figures E1A-E1D) (18, 19). It is of
note that the MAVS aggregation was not
explained by the alteration of its total
amount in whole cells (Figure 1A) or
mitochondrial fractions (Figure 1A). To
validate this observation further, two-
dimensional native/SDS-PAGE was
performed. Indeed, although no significant
aggregation of MAVS was observed in
control cells, multimeric aggregation of
MAVS was observed after nigericin or
CCCP treatment (Figure 1B). In addition,
the denaturation of these MAVS aggregates
revealed that ~75 kD or ~65 kD sizes

of MAVS were major components of
MAVS aggregates. To confirm the site

of MAVS aggregation, we performed an
immunofluorescent assay to localize the
specific subcellular organelle where the
MAVS aggregation takes place. Our data
show that most of MAVSs are colocalized
with mitochondria at baseline, and the
colocalization of MAVS on mitochondria
was more accentuated after nigericin
stimulation compared with colocalization of
MAVS with peroxisome (Figures 1C-1E).
Taken together, these data demonstrate that
MAVS forms multimeric aggregation on
mitochondria upon various forms of
mitochondrial perturbation.

PINK1 Regulates the MAVS
Aggregation

After establishing that MAVS aggregation is
a conserved mechanism downstream to

Kim, Shin, Yoon, et al.: PINK1 Inhibits MAVS Aggregation and Its Signaling

various mitochondrial perturbation
pathways, we sought to determine the
negative regulators of MAVS pathway. As
PINK1 performs essential functions in
mitochondrial homeostasis during stress, we
hypothesized that PINK1 may play as a
negative regulator of MAVS.

To test this, experiments were
undertaken in which MEFs from WT
and PINK1 ™/~ mice were stimulated
with nigericin. In WT MEFs, MAVS
aggregation was observed after 45
minutes of stimulation of nigericin and
further increased at 1 hour of nigericin
stimulation. Interestingly, however, the
nigericin-induced formation of the MAVS
aggregates was significantly enhanced in
the absence of PINK1 (Figure 2A),
suggesting that PINK1 has an inhibitory
role in the formation of MAVS
aggregation. In addition, the experiments
were undertaken to address whether
PINKI1 has a functional role on the
removal/or resolution of MAVS aggregates.
Specifically, MEFs were treated with 5 pM
of nigericin for 1 hour and then washed
once with serum-free DMEM and
maintained with DMEM containing 10%
FBS for 24 hours or 48 hours. Then, the
amount of MAVS aggregates was evaluated
during this period. In WT MEFs, MAVS
aggregates were sustained for ~24 hours
and after 48 hours, most of MAVS
aggregates had disappeared (Figure 2B). In
contrast, MAVS aggregates were observed
in significantly more amounts in
PINK1 '~ MEFs during this period and
were sustained for at least 48 hours in the
absence of PINK1, suggesting that PINK1
has a role on the removal/or resolution of
MAVS aggregates (Figure 2B). Next, to
address whether PINKI has an inhibitory
role of RLH signaling-mediated MAVS
aggregation, experiments were undertaken
in which MEFs from WT and PINK1 '~
mice were stimulated with polyinosinic—
polycytidylic acid (polyI:C), a synthetic
analog double-stranded RNA that is an
established stimulator of RLH signaling.
Indeed, the results demonstrated that RLH
signaling-mediated MAVS aggregation
was significantly enhanced in the absence
of PINK1 (Figure 2C). In addition, we
observed that polyl:C induced a significant
mitochondrial depolarization in both
HEK293 cells and MEFs, respectively
(Figures E2A and E2B). Overall, these data
suggest that PINK1 may inhibit MAVS
aggregation induced by both NLRP3
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Figure 2. The augmentation of MAVS aggregation in the absence of PINK1. (4) Mouse embryonic fibroblasts (MEFs) from wild-type (WT) and PINK1~/~
mice were stimulated with 5 M of nigericin for indicated time. MTs were separated and loaded to BN-PAGE. The MAVS aggregation was analyzed by
Western blot. (B) MEFs from WT and PINK1~/~ mice were stimulated with 5 M of nigericin for 1 hour. Then, cells were washed with serum-free

Dulbecco’s modified Eagle medium (DMEM) and maintained with 10% FBS/DMEM for indicated time. MTs were separated and loaded to BN-PAGE. The
MAVS aggregation was analyzed by Western blot. (C) MEFs from WT and PINK1—/— mice were stimulated with 10 ug/ml of high molecular weight polyl:C
for the indicated time. MTs and WCLs were separated and loaded to BN-PAGE and SDS-PAGE, respectively. The MAVS aggregation was analyzed by
Western blot. VDAC and B-actin were used as loading controls of MTs and WCLs, respectively. All experiments are repeated at least three times.

Representative results are shown. Polyl:C = polyinosinic—polycytidylic acid.
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Figure 3. The interaction of PINK1 with MAVS. (A) HEK293 cells and BMDMs were stimulated with 5 wM of nigericin for 1 hour. MTs were separated and
loaded to SDS-PAGE. The recruitment and stabilization of PINK1 on mitochondria was evaluated by Western blot. Readers may view the uncut gels for A
in the data supplement. (B) HEK293 cells were stimulated with 5 wM of nigericin for the indicated time. The WCLs were immunoprecipitated with a-MAVS
antibody and immunoblotted with a-PINK1 antibody. (C) HEK293 cells were stimulated with 10 wg/ml of polyl:C for the indicated time. The WCLs were
immunoprecipitated with a-MAVS antibody and immunoblotted with a-PINK1 antibody. (D) MEFs were cotransfected with pcDNA3.1-mPINK1-VN and
pcDNA3.1-VC-mMAVS vectors before treating with 10 wg/ml of polyl:C for 18 hours, and the interaction between PINK1 and MAVS was evaluated by

confocal microscopy (green, BIiFC dimer). Scale bars, 20 wM. All experiments are repeated at least three times. Representative results are shown.
BiFC =bimolecular fluorescence complementation; BMDM = bone marrow—-derived macrophage.

inflammasome signaling and RLH
signaling.

PINK1 Dynamically Interacts with
MAVS

Next, we sought to determine how the
absence of PINKI1 leads to exacerbated
MAVS aggregation. Given that both PINK1
and MAVS are known to localize on
mitochondria, we questioned whether both
PINK1 and MAVS interact physically and
thus PINKI1 inhibits MAVS aggregation. To
test this, we first determined whether PINK1
is recruited and interacts with MAVS on
mitochondria after nigericin stimulation.
Indeed, during nigericin stimulation, PINK1
was accumulated on mitochondria in both
HEK293 cells and BMDMs (Figure 3A).

In addition, when HEK293 cells

were treated with nigericin for

various time points and MAVS was
immunoprecipitated, the interaction of
PINK1 with MAVS was gradually
increased in a time-dependent manner
(Figure 3B). To further evaluate whether
PINKI1 interacts with MAVS, bimolecular
fluorescence complementation analysis
was undertaken, as described previously
(20). Specifically, pcDNA3.1-mPINK1-
VN and pcDNA3.1-VC-mMAVS vectors
were cotransfected to MEFs, and confocal
microscopy was employed to evaluate the
interaction between PINK1 and MAVS.
Unlike the control cells, cotransfected
MEFs displayed strong green fluorescence
signals when stimulated with nigericin,

Kim, Shin, Yoon, et al.: PINK1 Inhibits MAVS Aggregation and Its Signaling

suggesting that PINK1 and MAVS
interact dynamically with each other
during the stimulation (Figure E3A). In
line with the above findings, PINK1 was
coimmunoprecipitated with MAVS in
both HEK293 cells and MEFs after
stimulation with polyl:C (Figures 3C and
E3B). In addition, the bimolecular
fluorescence complementation assay
revealed strong green fluorescence
signals from the cotransfected MEFs with
polyl:C stimulation, further confirming
PINK1/MAVS interaction during RLH
signaling activation (Figure 3D). Taken
together, these data demonstrate that
MAVS is aggregated on mitochondria in
the event of mitochondrial dysfunction
and that, during this process, PINK1
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interacts with MAVS dynamically to
negatively regulate its aggregation.

PINK1 Inhibits MAVS-mediated
Antiviral Signaling

We then asked whether PINK1-mediated
inhibition of MAVS aggregation leads to the
attenuation of MAVS-mediated functions.
Originally, MAVS has been identified to
play as a key adaptor for RLH antiviral
signaling (4). As such, we determined how
these signals are changed in PINK1
deficiency. For this purpose, polyl:C has
been extensively used to stimulate MAVS-
mediated RLH signaling and induce type I
IFN production in macrophages or MEFs
(21). Therefore, to test whether PINK1 has
a role in MAVS-mediated RLH signaling,
we used BMDMs and MEFs from WT and
PINK1 ™/~ mice, respectively. As reported,
polyl:C induced a significant increase of
IFN-B production in both BMDMs and
MEFs (Figures 4A and 4B). Interestingly,
the production of IFN-B was significantly
enhanced in the absence of PINK1
compared with control cells in both
BMDMs and MEFs (Figures 4A and 4B).
This enhancement of IFN- production
was observed at all time points with polyl:C
stimulation and reached the peak after 12
hours of polyl:C stimulation (Figure 4C).
To verify these responses further, the
mRNA transcripts known to be responsive
to RLH signaling activation were evaluated
by real-time quantitative PCR analysis.
Indeed, the expression levels of Ifnb, Isg56
(Ifn-stimulated gene 56), and Cxcl10 were
significantly enhanced in PINK1~'~ MEFs
compared with those of control cells after
polylL:C stimulation (Figures 4D-4F). Taken
together, these data demonstrate that
PINK1 plays a critical inhibitory role in the
MAVS-mediated RLH signaling.

PINK1 Inhibits MAVS-mediated

NLRP3 Inflammasome Signaling
Recently, MAVS has been identified as an
important adaptor for the assembly of
NLRP3 inflammasome complex on
mitochondria when activated with LPS and
nigericin (5). Thus, as a next step to test
whether PINK1 has a role in MAVS-
mediated inflammasome activation, MEFs
or BMDMs from WT and PINK1 ™/~ mice
were treated with LPS and nigericin. Indeed,
the production of IL-1p induced by LPS and
nigericin stimulation was significantly
enhanced in PINK1~/~ MEFs compared
with WT control cells (Figure 5A). In
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Figure 4. Enhancement of the MAVS-mediated RLH (RIG-IHike helicase) signaling in the absence of
PINK1. (4) BMDMs or (B) MEFs from WT and PINK1 ™~ mice were stimulated with 10 wg/ml of polyl:C
for 24 hours. The supernatant was collected, and the amount of IFN-B was measured by ELISA.

(C) MEFs from WT and PINK1™/~ mice were stimulated with 10 ug/ml of polyl:C for the indicated time.
The supernatant was collected, and the amount of IFN-B was measured by ELISA. (D-F) MEFs from WT
and PINK1~/~ mice were stimulated with 10 ug/ml of polyl:C. The mRNA concentration of /fn-8 (D),
1sg56 (Ifn-stimulated gene 56) (E), and Cxcl70 (F) were analyzed by quantitative PCR. All experiments are
repeated at least three times, and representative results are shown. Means + SD. *P < 0.05, **P < 0.01,

and **P < 0.001. mIFN =murine IFN.

addition, the similar enhancement of
IL-1B production was observed PINK1 '~
BMDMs compared with WT control cells
(Figure 5B). In support of this observation,
Western blot analysis revealed that the
production of active IL-13 was significantly
enhanced in cell supernatants from
PINK1~/~ BMDMs compared with WT
control cells (Figure 5C). It is known that
caspase-1-independent proteolytic cleavage
of IL-1B can occur to produce active IL-13
(22). Hence, Western blot analysis was
performed to evaluate whether the

activation of caspase-1, the hallmark of
NLRP3 inflammasome activation, is
enhanced by LPS and nigericin stimulation
in the absence of PINKI1. As anticipated,
the active form of caspase-1 (p20) was
increased in WT BMDMs, and the
activation of caspase-1 was further
enhanced in the PINK1 ™'~ BMDMs
compared with WT control cells, verifying
that the enhanced production of active
IL-1B in the absence of PINK1 is mediated
by the activation of caspase-1 (Figure 5D).
As a next step, we evaluated the effects of
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Figure 5. Enhancement of the MAVS-mediated inflammasome signaling in the absence of PINK1. (4) MEFs from WT and PINK1 ™/~ mice were primed
with 1 pg/ml of LPS for 4 hours and then stimulated with 5 wM of nigericin for 1 hour. The supernatant was collected, and the amount of IL-18 was
measured by ELISA. (B-E) BMDMs from WT and PINK1 ™/~ mice were primed with 1 ug/ml of LPS for 4 hours and then stimulated with 5 wM of nigericin
for 1 hour. (B) The supernatant was collected, and the IL-13 amount was measured by ELISA. (C and D) The amounts of pro forms and active forms of
IL-1B (C) and caspase-1 (D), respectively, in cell lysates from BMDMs were evaluated by Western blot analysis. (E) Mitochondrial fractions from BMDMs
were loaded to SDS-PAGE, and the recruitment of NLRP3 inflammasome on mitochondria was evaluated by Western blot analysis. VDAC and B-actin
were used as loading controls of mitochondria and WCLs, respectively. All experiments are repeated at least three times, and representative results are
shown. Means + SD. ***P < 0.001. mIL-18 =murine IL-18; NLRP3 =NOD-like receptor family pyrin domain-containing 3.

PINKI1 on the recruitment of NLRP3 on
mitochondria. Indeed, after stimulation
with LPS/nigericin, the amount of NLRP3
was increased in the mitochondrial fraction
of BMDMs compared with those from
control cells with no stimulation, and,
importantly, this recruitment of NLRP3 on
mitochondria was significantly enhanced
in the absence of PINKI1 (Figure 5E).
Overall, these data demonstrate that PINK1
plays an important inhibitory role in the
MAVS-mediated NLRP3 inflammasomes
signaling.

In Vivo Functional Significance of
PINK1 That Negatively Regulates
MAVS-mediated Pulmonary
Pathobiology

To assess the significance of PINK1 on
MAVS signaling in vivo, first, we used a
murine model of influenza viral infection.
For influenza infection, WT or PINK1 '~
mice were infected intranasally with

influenza virus. To evaluate whether in vivo
data are consistent to previous in vitro
results, we measured the expression of type
I IFN signaling in whole lungs at Day 5
after infection. Post-infection Day 5 was
carefully chosen because type I IFN
production reaches its peak point at Day 5
in our experimental setting. The expression
levels of Ifnb, Isg56, Isgl5 (ifn-stimulated
gene 15), and Cxcl10 were significantly
enhanced in PINK1 ™/~ mice compared
with WT mice (Figures 6B-6E), although
total BAL fluid cell counts did not reach
statistical significance in the case of PINK1
deficiency (Figure 6A). As expected from
the literature, which demonstrated a
crucial role of MAVS in the regulation
of virus-induced type I IFN and its
related genes (23, 24), the expression
levels of Ifnb, Isg56, and Isgl5 in PINK1
deficiency were significantly attenuated in
PINK1~'7/MAVS™'™ mice (Figure 6F and
data not shown).

Kim, Shin, Yoon, et al.: PINK1 Inhibits MAVS Aggregation and Its Signaling

A recent study from our laboratory has
demonstrated a crucial role of MAVS for the
development of pulmonary fibrosis (15),
and another group demonstrated that
PINK1 deficiency promotes lung fibrosis
(25). Based on these studies, to further
address the regulation between PINK1 and
MAVS in pulmonary fibrosis, we evaluated
and compared key phenotypes from
PINK1 ™"~ mice, PINK1~/"/MAVS™'",
mice and appropriate littermate WT
control mice in a bleomycin-induced
pulmonary fibrosis model. Compared with
PINKI1 '™ mice, the loss of body weight
was significantly ameliorated from
PINK1~/"/MAVS™'" mice at Day 8 after
bleomycin injury in vivo (Figure 7A).
Amounts of collagen, a key fibrotic
phenotype, were significantly reduced in
lungs of PINK1~/"/MAVS™'™ mice
compared with PINK1 ™'~ mice after
bleomycin administration (Figure 7B). In
line with this, bleomycin injury-induced
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Figure 6. /n vivo functional significance of PINK1/MAVS in influenza-infected mouse model. (A-£) 100 plague-forming units of A/PR8/34 influenza
(equivalent to 0.5 median lethal dose in C57BL/6J mice) was administered through intranasal aspiration to WT and PINK1 ~/~ mice. Experimental groups
were composed of control WT (n=3), control PINK™’~ mice (n=4), influenza-infected WT mice (n = 15), and influenza-infected PINK1~/~ mice (n=13).
The lysates of total lung tissues were obtained from the mice at Day 5 after influenza infection. (A) Total cell counts of the BAL fluid were evaluated. (B-E)
The mRNA levels of Ifn-B (B), Isg56 (C), Isg15 (D), and Cxcl10 (E) were analyzed by quantitative PCR. Readers may view the uncut gels for £ in the data
supplement. (F) A separate in vivo experiment was undertaken in which experimental groups were composed of influenza-infected PINK1 ~/~ mice (n=5)
and PINK1~/7/MAVS ™~ mice (n=5). The lysates of total lung tissues were obtained from the mice at Day 5 after influenza infection. The mRNA level of
Ifn-B was analyzed by quantitative PCR. Means = SEM. *P < 0.05 and ***P < 0.001. Flu=influenza virus; NS =not significant.

increase of active TGF-3, a primary factor of
tissue fibrosis, was significantly attenuated in
PINK1™/7/MAVS ™~ mice compared with
PINK1 ™/~ mice (Figure 7C). Moreover,
well-known fibrotic molecules, including
phospho (p)-SMAD2, fibronectin, and a-Sma
(a-smooth muscle actin), were markedly
attenuated in PINK1 ™/~ /MAVS™'~ mice
(Figure 7D). To address whether PINK1 has
an important role on MAVS aggregation

in pulmonary fibrosis model, MAVS
aggregation was evaluated by semidenaturing
detergent agarose gel electrophoresis. MAVS
aggregation was significantly enhanced from
pooled BAL cells from PINK1 ™/~ mice
compared with those from WT mice
(Figure 7E), suggesting that PINK1 has an
inhibitory role in the formation of MAVS
aggregation in this experimental setting.
Taken together, these results confirm the
in vivo functional significance of PINK1
inhibiting MAVS aggregation and its
signaling.
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Discussion

Our studies are novel to reveal that
1) PINKI, an important regulator of
mitochondrial health, functions to inhibit
MAVS-mediated innate immune signaling;
2) PINKI1 interacts dynamically with
MAVS during the event of mitochondrial
dysfunction; and 3) PINKI negatively
regulates the prion-like multimeric
formation of MAVS, a critical event of
MAVS signaling. The significance of these
in vitro findings is further confirmed from
two murine in vivo pulmonary disease
models in which MAVS has been identified
to be crucial for the phenotypes.
Mitochondrial dysfunction has recently
emerged as a major player in a myriad of
human health and diseases (1, 26, 27).
Given the role of MAVS as a pivotal
adaptor in various innate immune and
inflammatory signaling, it is not surprising
that MAVS has a profound implication in a

variety of health conditions (28-32).
Indeed, the pathogenic importance of
MAVS signaling in multiple human
diseases has been highlighted in recent
publications, including ours (15, 28, 31, 32).
In this regard, our studies that demonstrate
that PINK1 inhibits MAVS aggregation as
well as its signaling raise an interesting
question about whether PINK1 could play
an important role in the pathogenesis of
those human disorders. We recently
reported that multimeric MAVS
aggregation was significantly observed in
lungs from patients with idiopathic
pulmonary fibrosis (15). Mechanistic
studies revealed that MAVS plays as a
critical mediator of multiple DAMP
signaling pathways and cellular senescence
in bleomycin-induced pulmonary fibrosis
in vivo (15). Combined with the
observations noted in the current study,
fibrogenic injury-induced DAMP signaling
activation and cellular senescence response
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and PINK1™/~ mice (n =3 per each bleomycin-treated group), respectively. Means + SEM. *P < 0.05, **P < 0.01, and ****P < 0.0001. SDD-AGE =
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might be exaggerated in PINKI1 deficiency,
which is known to be associated with
idiopathic pulmonary fibrosis pathogenesis
(25, 33).

Currently, not much is known about
the negative regulation of MAVS signaling
specifically after it aggregates in response to
nonviral pathogen-associated molecular
pattern or DAMP stimulation. Molecular
mechanisms must exist to counter-regulate
the multimeric formation of the MAVS
aggregation. Otherwise, uncontrolled
continuation of the irreversible aggregation
of MAVS would result in persistent

activation of innate immune and
inflammatory responses, culminating in
chronic inflammatory disorders or
autoimmune diseases (28, 31). Although
recent studies have shed light on this
important subject (34, 35), so far, most
studies have been undertaken in the
context of viral infection. The regulatory
mechanisms of the MAVS aggregation in
the context of nonviral DAMP-induced
mitochondrial dysfunction have rarely been
explored. In this regard, our current studies
are unique in revealing that mitochondrial
dysfunction can be an important trigger to

Kim, Shin, Yoon, et al.: PINK1 Inhibits MAVS Aggregation and Its Signaling

induce the MAVS aggregation and that
PINKI1 plays an important regulatory role
to inhibit the MAVS aggregation and its
signaling in association with mitochondrial
dysfunction.

PINKI1 plays a pivotal role in the
regulation of mitochondrial health by the
regulation of multiple pathways, including
mitochondrial dynamics, transport,
biogenesis, and mitophagy (36, 37). Given
the functional significance of PINKI in
mitophagic removal of dysfunctional
mitochondria or mitochondrial molecules,
defective mitophagy in PINKI deficiency

601



ORIGINAL RESEARCH

could play an important role in the
enhancement of MAVS signaling.
Regarding this, several studies indicate
that, together with the MAVS signaling
activation, autophagic activation is
induced and negatively regulates MAVS
signaling (35, 38, 39). In particular,
NDP52 (nuclear domain 10 protein 52), a
known mitophagy receptor recruited by
PINKI1 to induce mitophagy (40), has
recently been identified to be involved in
the autophagic inhibition of MAVS
signaling (35, 39). Thus, PINK1-mediated
recruitment of mitophagy receptors such
as NDP52 might be related to the
inhibitory function of PINK1 on MAVS
aggregation and its signaling. In addition,
it is of note that mitochondrial stress—
induced type I IFN response and
inflammation observed in PINK1
deficiency was dependent on STING
(stimulator of IFN genes) (41). As such,
given the existence of cross-talk between
STING and MAVS (42, 43), STING might
be critically involved in the enhanced
MAVS signaling in PINK1 deficiency.
Several issues remain unanswered
in the current study. As a kinase, the
activities that PINKI exerts require the

recruitment and phosphorylation of multiple
substrates (36, 44, 45). Although our

data demonstrated that PINKI1 interacts
dynamically with MAVS on mitochondria
upon mitochondrial dysfunction, currently,
it is not clear whether MAVS is a novel
substrate of PINK1 and whether the
phosphorylation of MAVS by PINKI is
required for the resolution of aggregated
MAVS. In addition, questions are raised
about whether the molecular interaction of
PINK1 with MAVS occurs during PINK1-
mediated mitophagy, and, if so, how
PINK1-mediated mitophagy operates in
line with the PINK1/MAYVS interaction

to inhibit MAVS aggregation. From a
chemiosmotic point of view, mitochondrial
membrane potential and proton gradient
are independent components that equally
contribute to the mitochondrial proton-
motive force, a key aspect of mitochondrial
function (18, 19). As such, the current
study might raise an intriguing question of
whether PINK]1 is a key regulator of
mitochondrial health in the setting of a
disruption of mitochondrial proton-motive
force. By answering the above questions,
further studies will provide a better
understanding of the mechanisms that

underlie the inhibition of PINK1 on MAVS
function.

It will be interesting to explore whether
targeting the PINKI molecule has a
potential for the regulation of MAVS
signaling. Given the significance of MAVS
biology, which plays a key role in multiple
mitochondria-related regulation of cellular
functions, including antiviral innate
immunity, inflammasomes activation, and
apoptosis (46, 47), the modulation of this
pathway via targeting of the PINK1
function might open a new horizon for
future therapeutics in medicine.

In conclusion, these studies suggest that
PINKI1 plays an important regulatory role in
MAVS-mediated signaling via its direct
interaction with MAVS, and they provide
a conceptual proof that augmenting
PINK1 activity may be a novel therapeutic
approach for pulmonary disorders in which
PINK1-MAVS interaction plays a pathogenic
role. M
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